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Abstract 
This thesis documents the design, fabrication, and characterization of a new intermittent-
blowdown compressible shear layer wind tunnel built at the Gas Dynamics Laboratory (GDL) at 
the University of Illinois at Urbana-Champaign. The construction of this facility was motivated by 
the need for high-quality benchmark experimental data of the compressible mixing layer 
phenomenon for use in computational fluid dynamics (CFD) validation. This need has arisen 
because of improved computational capability and the practicality of high-resolution flow 
simulation techniques of the turbulent compressible mixing layer flowfield by means such as large-
eddy simulations (LES) and direct numerical simulations (DNS), and the maturation of high-
resolution laser-based flow diagnostic techniques such as stereo particle image velocimetry 
(SPIV). 
The newly developed facility is characterized by its two-stream design (a sonic/supersonic 
primary stream and a subsonic secondary stream), which are separated by a stainless steel splitter 
plate that ends coincident with the start of the mixing layer test section. A major design emphasis 
was placed on unobstructed optical access to the test section, where the mixing layer development 
occurs and where the accurate and complete measurement of the flowfield is critical. The design 
of the nozzles and the test section divergence mechanism was performed iteratively through direct 
input from CFD and finite element analysis (FEA) simulation results. 
Complete dimensioning and design specifications of the new facility and full assembly will 
be made available to the academic and technical communities via an online catalog of fully-
dimensioned engineering drawings for the as-built design. Experimental qualification of the 
newly-built wind tunnel was conducted in order to assess the suitability of the wind tunnel as a 
testbed for the compressible shear layer flowfield, and to produce preliminary data for flowfield 
characterization. 
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Nomenclature 
 
a1 = primary stream speed of sound 
a2 = secondary stream speed of sound 
M1 = primary stream Mach number 
M2 =  secondary stream Mach number 
Mc = convective Mach number 
Pts = test section static pressure 
ΔP = streamwise pressure difference across test section 
P01 = primary stream stagnation pressure 
P02 = secondary stream stagnation pressure 
U1 = primary freestream velocity 
U2 = secondary freestream velocity 
ΔU = difference in primary and secondary freestream velocities 
δ = 99% boundary layer thickness 
δ* = boundary layer displacement thickness 
θ = boundary layer momentum thickness 
ρ1 = primary stream density 
ρ2 = secondary stream density 
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1 Introduction 
1.1 Background and Motivation 
Considerable research into the measurement and characterization of the compressible 
mixing layer flowfield has been conducted, as models and applications of this phenomenon have 
become more sophisticated. These flows range from high-speed jets to two-stream mixing flows, 
such as gas dynamic lasers and ejectors, to various propulsion applications. A particularly 
important and well-known example of the latter is the scramjet combustor in which the gaseous 
fuel and oxidant streams must mix on the molecular level within the very short residence times 
available in the combustor. In addition, for virtually any high-speed external aerodynamics 
application, a degree of flow separation or recirculation is involved at some point on the vehicle, 
with the attendant formation of a compressible shear layer over the associated regions. Thus, 
compressible mixing layers are truly ubiquitous features of many high-speed flowfields of 
importance in aerospace applications. 
Though experimental investigation of the shear layer is still in fashion in the aerospace 
community, the focus has not been on high-resolution measurement of the canonical flowfield so 
much as it has been on the characterization of this flowfield as it occurs in various aerospace 
applications. Motivated by the ongoing research and development of hypersonic-capable air-
breathing aircraft and associated technologies, such as scramjet engines and the related two-stage-
to-orbit turbine-based combined cycle (TBCC) concept, study of the aspects of the compressible 
mixing layer within a scramjet combustor has regained significant importance and relevance in the 
aerospace community. Many researchers have turned their efforts towards the accurate modeling 
and conceptual understanding of the turbulent compressible mixing layer as it is found in such 
applications. 
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A direct result of this research has been the continuous development of the computational 
fluid dynamics (CFD) modeling of the canonical and other more specialized cases of the turbulent 
compressible shear layer. Improvements to Reynolds-averaged Navier Stokes (RANS), large-eddy 
simulation (LES), and direct numerical simulation (DNS) models have been the primary focus of 
the CFD community with regard to the mixing layer, and the experimental measurements obtained 
in the field of this fundamental flow have proven invaluable for comparison to these models. The 
inability of RANS models to simulate the large range of turbulence scales and compressibility 
effects in high-speed turbulent flow and, consequently, to accurately represent the true physics of 
the flow, is well documented. Work on LES and the computationally intensive DNS has gained 
much traction, as computational resources have undergone a transformative acceleration in the last 
20 or so years. Somewhat unsurprisingly, DNS studies of the mixing layer (Sandham and Reynolds 
[1]; Vreman et al. [2]; Freund et al. [3]; Pantano and Sarkar [4]; Kourta and Sauvage [5]; Fu and 
Li [6]; Zhou and Shen [7]) for low Reynolds numbers were able to show the reduction of the shear 
layer growth rate consistent with published data. More recently, a DNS study of the compressible 
mixing layer with convective Mach number of 0.8 was able to achieve agreement with 
experimental growth-rate data (Shi et al. [8]). A recent study on LES solutions of the compressible 
mixing layer (Mankbadi et al. [9]) assessed the grid dependence of two LES solvers of differing 
order for different grid resolutions. In this study, the models were compared for accuracy using 
experimental results of the canonical flowfield as investigated by Goebel and Dutton [10]. It was 
found that for very fine grid resolutions both solvers produced results that are in agreement with 
the experimental results. This study proves to be particularly salient in the discussion at hand due 
to the flowfield simulated and the experimental measurements required for the side-by-side 
comparison of the models. As computational throughput continues to improve, the ability to 
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resolve the turbulent compressible shear layer on finer grids will become more practical. It 
becomes apparent that the earlier low-resolution measurements of the canonical compressible 
mixing layer collected using dated point-by-point methods, such as LDV and hot-wire anemometry 
(HWA), may no longer suffice for the validation of high-resolution DNS and LES computations 
of this flowfield. 
The need for a better-resolved and more comprehensively documented experimental 
database for use in comparison to current and future CFD models of the compressible mixing layer 
has motivated the need for high-resolution benchmark experimental data. The maturation of laser-
based flow diagnostics, particularly in the form of particle image velocimetry (PIV) and its various 
modes, has presented experimental researchers access to measurements with spatial precision and 
resolution beyond those available to the researchers of these flows in years past. These resources, 
in the context of the present interest in modeling such flows, present a unique opportunity to 
provide the CFD community with a database of benchmark, validation-quality measurements. This 
will include measuring the incoming boundary layer and free stream conditions as completely as 
possible, quantifying the experimental uncertainty of the measured quantities, and measuring some 
quantities with multiple diagnostic techniques. The ultimate outcome of such an endeavor is a set 
of measurements that can be used as a fundamental basis of comparison for RANS, LES, and DNS 
predictions of this canonical flow. 
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1.2 Review of Experimental Compressible Shear Layers 
1.2.1 Effect of Compressibility on Shear Layers 
Through experimentation, some 
aspects of the compressible 
mixing layer have been 
extensively measured and 
documented. However, the 
precise and robust diagnosis of 
these flows remains quite 
challenging due to the turbulent 
and compressible nature of the 
shear layer. A large volume of the 
experimental work on the canonical compressible free shear layer flowfield (Figure 1.1) was 
produced during the 1980s through the early 1990s, accelerated by interest in the mixing flows in 
the supersonic combustors aboard scramjet-powered aircraft. These studies were made possible by 
the advent of non-intrusive laser-based flow diagnostic techniques such as laser Doppler 
velocimetry (LDV) and planar laser-induced florescence (PLIF). Some major studies in this field 
include works by Papamoschou and Roshko [11], Samimy and Elliott [12], Goebel and Dutton 
[10], Hall et al. [13], Clemens and Mungal [14], and Rossmann et al. [15]. A well-documented and 
consistent finding across these studies was the reduction of the growth rate of the shear layer, 
relative to an incompressible shear layer at the same velocity and density ratios with increasing 
levels of compressibility. The compressibility level has been parameterized with the convective 
Mach number Mc, which is effectively the Mach number of the freestreams with respect to the 
Figure 1.1. Mixing layer schematic and nomenclature. 
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large-scale, turbulent structures in the shear layer [11] [16]. For freestreams with the same specific 
heat ratios: 
   ≡
   −   
   +   
 (1)
where U and a are the freestream velocity and speed of sound, and 1 and 2 refer to the high-speed 
primary and low-speed secondary streams, respectively. In a review of the results and 
accomplishments of the various experimental investigations of the canonical compressible mixing 
layer, Dutton [17] reviewed results on the decreased growth rate of the mixing layer. In addition, 
his report reveals another feature of compressible shear layers that is reasonably well understood 
and documented:  the change in shear layer large-scale turbulent structure as compressibility 
increases (e.g., Clemens and Mungal [14]; Elliott et al. [18]; Messersmith and Dutton [19]). These 
studies show that the turbulent, large-scale structures appear to be less dominant in the mixing 
layer for increasing compressibility. At the extremes of compressibility level is the predominant 
formation of large, two-dimensional rollers with interconnected, streamwise braids for low Mc, 
and the seemingly disordered, highly three-dimensional structures present at high Mc. This change 
in structure can clearly help explain the reduction in shear layer growth at large Mc, as these 
random, three-dimensional structures are less capable of entraining freestream fluid than are the 
large, well-organized, two-dimensional rollers that are dominant at low compressibility. 
However, a critical feature of compressible mixing layers that has not been extensively 
documented and for which there is not complete unanimity on the trends is that of the Reynolds 
stress tensor. Two of the most widely cited experimental works on this topic were authored by 
Samimy and Elliott [12] and Goebel and Dutton [10], (the advisors of the author of this thesis), 
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performed some 25 years ago in separate facilities at separate universities. The two studies agree 
well on the trends of the reduction of the transverse normal stress and primary shear stress with 
increasing Mc. However, for the streamwise normal stress, two different trends appeared:  Samimy 
and Elliott found a somewhat decreasing trend with increasing Mc, similar to the other two 
Reynolds stresses, while Goebel and Dutton found a more constant trend. Similar disagreement on 
this streamwise-stress trend can be found in computational studies. For example, Pantano and 
Sarkar [4] found a decreasing trend with increasing Mc, while Freund et al. [3] found constant 
values of the peak streamwise normal stress for all levels of compressibility that they studied. 
However, many of the discussions of these trends make the simplistic assumption that the 
Reynolds stress magnitudes are a function only of the convective Mach number and, therefore, are 
independent of velocity ratio, density ratio, and other factors. On the other hand, some of the 
experimental cases used a heated primary stream in order to achieve high convective Mach 
number, but this also resulted in relatively unusual density ratios of well over unity. Likewise, for 
other experimental cases, the flow separation at the splitter-plate tip was done at unequal pressures, 
so that nonequilibrium history effects could have been present in the shear layer. In addition, 
unknown tunnel-wall effects, tunnel-size effects, non-constant streamwise pressure gradients, lack 
of full development, and other factors could have occurred in any of these cases. Thus, the 
perceived “disagreement” among the streamwise normal-stress trends may not be a disagreement 
at all, but rather just the “correct” behavior of those particular cases. In any case, this disagreement 
in results could prove to be a hurdle for researchers who are seeking experimental data for 
comparison to turbulent compressible mixing layer computations of the canonical planar case. 
These conflicting characterizations regarding the compressible mixing layer Reynolds stress tensor 
are unresolved to this date.  
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1.2.2 Review of Compressible Shear Layer Wind Tunnels 
A wind tunnel is a facility designed as a test bed for the investigation of fluid mechanics 
and fluid phenomena for a gaseous flowfield of interest. This facility must be capable of 
accelerating the flow from rest by means of a pressure difference across a nozzle. A quiescent 
flowfield upstream of the nozzle will undergo acceleration through the nozzle in the presence of a 
favorable pressure gradient (high pressure upstream, low pressure downstream). Subsonic and 
sonic (choked) flows can be achieved by means of a convergent nozzle. Supersonic flows require 
the use of a de Laval (or convergent-divergent) nozzle and a much greater favorable pressure 
difference from reservoir to test section to achieve the desired flow [20]. Wind tunnels designed 
for the study of the canonical compressible shear layer often used a combination of a supersonic 
and subsonic stream, or two supersonic streams of different Mach numbers, to achieve the velocity 
gradient required for a shear layer. 
Table 1.1 provides a list of the operating conditions and physical parameters for such wind 
tunnels used in notable experimental studies of the compressible shear layer. A ubiquitous feature 
of these facilities is the production of two streams separated by a splitter plate. All of the facilities 
were intermittent blowdown wind tunnels. As the boundary layer, and thus the displacement 
thickness, grows on the test section walls, the perceived flow area decreases in the streamwise 
direction. This affects the velocity of both freestreams and enforces a pressure gradient on the 
shear layer. In order to account for and minimize this pressure gradient, a common design feature 
in all of the above wind tunnels was a mechanical wall divergence. 
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Table 1.1. List of some well-documented compressible shear layer facilities 
Study  M1 M2 Mc U2/U1 ρ2/ρ1 
h 
[mm] 
w 
[mm] 
l 
[mm] 
Test time 
[s] 
Papamoushko 
& Roshko 
(1988) 
1.6, 
3.4 
3.3, 
1.6 
0.07, 
1.44 
0.93, 
0.29 
4.4, 
2.2 
23 57 230 1.5-2 
Goebel & 
Dutton (1990) 
2.01, 
2.04, 
1.91 
1.38, 
1.40, 
1.37 
0.20, 
0.20, 
0.45 
0.79, 
0.79, 
0.58 
0.76, 
0.76, 
1.56 
47.5 95 500 360 
Samimy & 
Elliott (1990) 
1.80, 
1.96 
0.51, 
0.37 
0.51, 
0.64 
0.36, 
0.25 
0.64, 
9.58 
152.4 152.4 500 90 
Clemens & 
Mungal 
(1992) 
1.64, 
1.97, 
2.15 
0.91, 
0.42, 
0.38 
0.28, 
0.62, 
0.79 
0.63, 
0.28, 
0.22 
0.77, 
0.59, 
0.77 
55, 
70, 
70 
100 480 30 
Hall et al. 
(1993) 
0.65, 
1.50 
0.10, 
0.35 
0.097, 
0.96 
0.46, 
0.096 
0.13, 
5.95 
82.55 82.55 381 3 
Debisschop et 
al. (1994) [21] 
1.48, 
3.2 
0.28, 
0.2 
0.525, 
1.04 
0.225, 
0.11 
0.7, 
0.33 
150 150 390 < 60 
 
 
 One important practical aspect of the above facilities is the steady state test time. Table 1.1 
illustrates the disparity in test time between these facilities. This parameter is dictated almost 
entirely by size of the reservoirs supplying the wind tunnel. The facility used by Papamoushko & 
Roshko employed relatively small gas cylinders as the gas source, which limited the run time to 
about 2 seconds. Hall et al. utilized a wind tunnel designed with accommodations for reacting flow 
studies. The gas for the facility was supplied by a pair of storage tanks that had to be preloaded 
with a mixture of gas before each experimental run. Both of the tunnels above seemed to be 
operated in a more pulsed fashion, allowing for very little steady state run time. In order to acquire 
high-quality time-resolved data on the steady state flowfield, a longer test time was deemed 
advantageous. Of the experimental studies listed above, the two conducted on the facilities with 
the longest test times were carried out independently by the advisors of the author of the current 
thesis. Both facilities utilized air supplied by large air storage tanks. A similar system of air tanks 
was built as part of the newly constructed Gas Dynamics Laboratory (GDL) at the University of 
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Illinois at Urbana-Champaign. The new wind tunnel was designed to take advantage of this 
existing infrastructure. 
A clear distinction between many of these wind tunnels is the sizes of their test sections. 
Two arguments for a larger test section is the improved optical access for high resolution 
diagnostics, as well as diminished influence of the sidewalls on the flow. Larger test sections 
usually require a greater mass flow rate. This implies a dependence on large air reservoirs, such as 
an air tank farm, as opposed to a pressurized gas cylinder, to achieve steady state operation. With 
such an infrastructure in place at the GDL, the decision to design a large test section with a 5 x 5 
in. cross section (127 x 127 mm) was logical. Additionally, it was agreed that a test section with a 
long streamwise (x-direction) length could prove advantageous in capturing the compressible shear 
layer for a wide range of operating conditions. This is especially true at low convective Mach 
numbers, where the mixing layer develops more slowly. Therefore, a test section of length ~30 in. 
(762 mm) was proposed. 
1.3 Approach and Methodology 
The goal of the present work is to provide a detailed description of the development of a 
new two-stream, compressible mixing layer facility suitable for the high-quality measurement of 
the compressible mixing layer flowfield. The emphasis of the facility design and experimental 
approach is the careful and thorough documentation of all controlled aspects of the experiment, 
including test section (TS) geometry, inflow conditions, boundary conditions, and excellent optical 
access to the TS. The resulting comprehensive datasets will document the effects of 
compressibility on the mixing layer growth rate, Reynolds stresses, and spatial development of the 
mixing of two streams in both the near and far fields over a range of convective Mach numbers 
(nominally 0.2 – 1.0). 
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 The task of investigating the compressible shear layer over a range of convective Mach 
numbers has been condensed into a study of six experimental cases of varying Mc. The desired 
operating parameters for each of the six proposed experimental cases are displayed in Table 1.2. 
The convective Mach number is a measure of the compressibility of the shear layer, and it governs 
the characteristics and behavior of the turbulent structures within the compressible mixing layer. 
Mc is a defining parameter of this flow, and a key procedural objective of the present investigation 
is to produce and obtain reliable high-precision measurements at the target convective Mach 
numbers as laid out in the case chart shown below in Table 1.2. The current work serves to outline 
the design philosophy and design process of the shear layer facility as governed by the need to 
achieve the experimental conditions necessary to produce high-quality data for each of the 
prescribed cases. 
Table 1.2. Case chart for compressible shear layer project. 
Input 
Parameters 
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 
M1 1.00 1.00 1.50 2.00 2.50 3.00 
M2 0.60 0.20 0.20 0.20 0.20 0.20 
Pts (Pa) 6.895E+04 6.895E+04 4.317E+04 4.317E+04 4.317E+04 4.317E+04 
P01 (Pa) 1.31E+05 1.31E+05 1.52E+05 3.24E+05 7.07E+05 1.52E+06 
P02 (Pa) 8.79E+04 7.09E+04 4.25E+04 4.25E+04 4.25E+04 4.25E+04 
Mc 0.177 0.374 0.573 0.742 0.883 1.00 
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The objective to obtain benchmark-quality measurements of the compressible shear layer 
phenomenon was the sole motivation for the design and fabrication of the current newly developed 
intermittent-blowdown shear layer wind tunnel. Both axisymmetric (annular) and rectangular 
(planar) facility designs were considered for use in the experimental investigation. Considering the 
primary motivation for the design of this facility, it was decided that the superior optical access 
granted by the rectangular geometry provided the best advantage for documentation of the 
flowfield, especially of the initial conditions upstream of the splitter tip. One reality of this design 
is that the planar geometry will not be free from tunnel sidewall effects. However, initial design 
calculations show that except for very low (essentially incompressible) Mc cases, the tunnel width 
to shear-layer thickness ratio should be at least 10 under fully developed conditions, therefore 
minimizing the influence of sidewalls. 
Design of a 127 x 127 mm cross-section planar two-stream wind tunnel was proposed and 
modeled. Figure 1.2 outlines the basic operating conditions and geometry of this facility. A splitter 
plate separates the high-speed primary flow from the low-speed secondary flow. Due to the well-
known preference for the shear layer to grow into the low-speed secondary flow versus the 
primary, the splitter plate splits the stream heights in the TS at approximately 51 mm for the 
primary and 76 mm for the secondary. The primary flow will be supplied from the compressed-air 
manifold for all cases, whereas the secondary flow may be throttled from either the same 
compressed-air manifold as the primary stream or from atmosphere. Both flows enter from the 
tunnel inlets (shown leftmost in Figure 1.2). To sharply reduce the turbulence of the incoming 
freestreams, both flows pass through a flow-conditioning section consisting of a flow-spreading 
perforated plate, honeycomb, and wire mesh screens before entering plenum regions upstream of 
the nozzles. The nozzles for the primary stream were each designed by the method of 
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characteristics to match the target Mach number for a specific experimental case, and are easily 
interchangeable in the facility design. Major design challenges encountered included sealing of 
potential leak paths, manufacturability, assembly, and wall divergence for constant-pressure 
conditions throughout the TS. These challenges influenced the morphology of the facility 
throughout the design process. In addition, documentation of the entire design of the wind tunnel 
was compiled in the form of part, assembly, and drawing files using the CAD software package 
Autodesk Inventor. 
 
Figure 1.2. Tunnel geometry (supersonic primary stream) and basic operating conditions. 
In conjunction with the mechanical design of the new wind tunnel facility, computational 
simulations were conducted via ANSYS Workbench 16 and the Fluent CFD solver to aid the 
process. CFD calculations helped to verify the method of characteristics (MOC) code used to 
design the facility convergent-divergent (C-D) nozzles, analyze the boundary layers on the top and 
bottom walls of the tunnel, and determine some preliminary shear layer features via a RANS 
method. The following sections outline the progression of the design, and summarize the 
computational work done to both support the design work and gain an initial understanding of the 
RANS-predicted mixing layer characteristics. 
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2 Design of the Compressible Mixing Layer Facility 
2.1 Tunnel Overview 
The key design feature of the wind tunnel is the production of a mixing region between 
two uniform streams: a sonic/supersonic primary stream and a subsonic secondary stream. This 
requires utilization of two separate flow reservoirs and nozzles. Additionally, the test section had 
to be large enough to be practical for high-resolution optical flow measurements and to reduce 
sidewall influence on the flow. This requirement was the driving factor behind the overall size of 
the facility. A final design constraint was the need for the facility to be integrated into the existing 
infrastructure of the lab, namely the existence of a pressurized air tank farm and associated 
manifolds, and a downstream duct and exhaust chimney. The proposed design for this 
compressible mixing layer facility was a two-stream blowdown facility. Figure 1.2 shows a view 
of the internal geometry of the final design of the wind tunnel with critical sections labeled. 
 
Figure 2.1. Final design half section side view 
 
Stagnation 
Chamber 
Diffuser Test Section Nozzle 
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The wind tunnel consists of four distinct sections whose description and order, from 
upstream to downstream, are explicitly as follows: 
1. Stagnation (or settling) chamber: The stagnation chambers for both streams condition the 
upstream turbulent pipe-flows into uniform, low-speed flows. 
2. Nozzle: The nozzles accelerate the incoming flows to their respective target velocities. The 
supersonic nozzles were designed with a convergent-divergent contour, while the subsonic 
and sonic nozzles were designed with a purely convergent contour. 
3. Test section: The primary and secondary streams, which are separated by a stainless steel 
splitter plate that runs the length of the stagnation chamber and nozzle sections, meet at the 
splitter plate tip at the onset of the TS. This is where the shear layer begins to develop as 
the two streams mix immediately downstream of the tip. 
4. Diffuser: In the diffuser, high-speed flow from the TS is decelerated to low-speed by means 
of either a normal shock in the supersonic case and/or subsonic expansion in the low-speed 
case. 
The design of the nozzle and test section most directly influences the quality of the facility 
as a flow testbed, and is of paramount importance. Therefore, these sections required the most 
extensive design work. Preliminary calculations for flow conditions in the wind tunnel used during 
the initial design of the facility were conducted using quazi-one-dimensional isentropic 
gasdynamics theory. This assumes that the flow is uniform at every streamwise location in the 
wind tunnel and ignores any viscous effects. However, in order to make the design process more 
robust, computational resources were employed to assess and validate the performance of critical 
components [22]. 
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During startup for the cases in which the primary streams are supersonic (Cases 3-6), a 
normal shock wave will first form at the throat of the nozzle of the primary stream. From this point, 
the pressure in the stagnation chamber will be raised until the starting shock is pushed downstream 
through the TS and into the diffuser. Two separate control valves throttle the streams to achieve 
the desired stagnation chamber pressures for the primary stream and matched static pressures for 
the two streams at the splitter tip. A characteristic of blowdown wind tunnels is a relatively long 
runtime, offering an advantage in establishing steady state operating conditions for flow 
diagnostics. 
2.2 Upstream Piping 
 The upstream piping assembly was designed to accommodate the modularity of two 
operating configurations. Figure 2.2 depicts the assembly’s capability to supply the secondary 
stream with air from either the high-pressure manifold or from atmosphere. Drawing of air from 
atmosphere occurs through a bellmouth pipe fitting that is connected to a pipe cross fitting, which 
is separated from the compressed air manifold by a manual shutoff valve upstream of the cross 
fitting. Thus, this manual shutoff valve divides the primary and secondary flow channels and 
controls the mode of operation of the secondary stream. The appropriate configuration will be 
selected based on the operating conditions and specific challenges of each case. For all cases, the 
primary airstream will be supplied by a high-pressure reservoir to enforce the necessary pressure 
ratio to accelerate the primary stream to sonic and supersonic velocities. This high-pressure air 
will be drawn from either a 1.034 MPa manifold or 13.79 MPa manifold (not depicted). As Figure 
2.2 shows, the primary and secondary flow channels are each controlled by separate pneumatic 
control valves, just downstream of their respective pipe fittings, which branch off from the main 
vertical pipe assembly. The two streams will be throttled through these control valves before 
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entering the wind tunnel stagnation chamber. Flow seeding required to capture SPIV 
measurements will occur in the pipe fittings just downstream of the control valves. After the flow 
passes through the wind tunnel TS and exits downstream of the diffuser, it will pass through a 
silencing duct to be exhausted into the atmosphere. 
 
 Figure 2.2. Full facility and piping assembly 
 
2.3 Stagnation/Settling Chamber 
The flows that enter the stagnation chambers of the wind tunnel from the upstream piping 
are expected to have high turbulence intensities and non-uniform velocity profiles. In order to 
reduce these undesirable characteristics, the flows will pass through a series of flow conditioners 
and a settling chamber before reaching the nozzles and TS.  Figure 2.3 shows the flow conditioners 
as they are be arranged in the stagnation chamber of the wind tunnel. The order and purpose of 
each flow conditioner are as follows [23]: 
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1. Perforated plate: This 
plate serves to make the flow 
more uniform by spreading the 
incoming flow over the plate’s 
area. 
2. Honeycomb: This 
component straightens the flow 
and reduces the transverse 
perturbations in the flowfield. 
3. Wire mesh screen: 
This component reduces the turbulent length scale of the flow upstream of the nozzles by 
producing small-scale turbulent eddies, which dissipate quickly in the settling chamber. 
The height-by-width cross-sectional dimensions for the primary and secondary stagnation 
chambers are 10” x 5” and 9” x 5” respectively. In order to keep the flow conditioning elements 
in place, slots were machined into the top/bottom walls, sidewalls, and splitter plate. 1.4” thick 
stainless steel honeycomb core used in a previous wind tunnel was used for this facility. Cell size 
for the honeycomb was 0.115”, with an 86% open area. Sizing for the perforated plate and wire 
mesh screen was largely conducted under the guidance of Mehta [24] and Groth [25]. The 0.25” 
thick stainless steel plate with staggered 0.25” diameter holes and 43% open area was selected for 
the perforated plate. A woven wire cloth was chosen for the final flow conditioning stage. The 
cloth wire diameter was 0.0065”, with a 63% open area. The wire mesh was sandwiched in an 
aluminum frame, which was appropriately sized for the flow conditioning slots mentioned above. 
 
 
1. Perforated 
plate 
 
2. Honeycomb 
 
3. Wire mesh 
screen frames 
Figure 2.3. Flow conditioners. 
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A 12” long constant area settling chamber was positioned downstream of the flow conditioning 
array to allow for the dissipation of the wire mesh-tripped eddies. 
2.4 Nozzle 
The nozzle is the primary component involved with the acceleration of the flow to a target 
velocity. This acceleration is dictated by the area ratio between the test section exit and the nozzle 
throat (location of smallest cross sectional area). The contraction of the nozzle provides the 
subsonic acceleration of the flow. Additionally, a larger contraction ratio aids in the reduction of 
the small scale turbulence of the incoming flow from the settling chamber. For subsonic and sonic 
cases, the nozzle is purely convergent, and the throat of the nozzle is coincident with the nozzle 
exit. The flow for these nozzles is driven by the ratio between the stagnation pressure and the static 
pressure of the flow at the start of the test section. For supersonic flow, the nozzle must be designed 
with a convergent-divergent contour so that the flow can undergo acceleration through supersonic 
expansion downstream of the throat. The throat area is calculated for each Mach number by using 
quasi-one-dimensional gasdynamics, specifically the isentropic area ratio equation: 
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where A is the area of the nozzle exit, A* is the area of the nozzle throat, γ is the specific heat ratio 
of air, and M is the desired Mach number. 
However, the divergent portion of the supersonic nozzle must be designed such that the 
expansion waves produced by the curvature of the expanding nozzle are all cancelled along the 
nozzle contour so that the flow at the nozzle exit is uniform and is devoid of the coalescence and 
propagation of shock waves into the test section. For this end, a technique for solving the 
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hyperbolic partial differential equations for supersonic flow called the method of characteristics 
(MOC) can be employed. 
2.4.1 Nozzle Configurations 
Six different experimental cases were considered in the design of the nozzles. These 
operating conditions call for five different nozzle configurations (five different primary stream 
nozzles and one secondary stream nozzle). The type of nozzle designed was an internal, one-sided, 
planar flow nozzle. The nozzles were designed to be easily interchangeable between each case. 
Figure 2.4 shows each of the unique nozzle block configurations.  
M1 = 1.0; M2 = 0.6 or 0.2                 M1 = 1.5; M2 = 0.2                       M1 = 2.0; M2 =0.2 
a)     b)     c)  
 
M1 = 2.5; M2 = 0.2                M1 = 3.0; M2 = 0.2 
d)      e)  
Figure 2.4. Nozzle block configurations: a) Cases 1 and 2; b) Case 3; c) Case 4; d) Case 5; e) 
Case 6. 
For the supersonic primary stream cases, the design Mach numbers were raised by 0.1 from the 
target Mach numbers (Table 1.2) to compensate for boundary layer displacement effects of the 
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flow through the nozzle. The contours of the convergent portions for the primary supersonic 
nozzles were modeled using seventh-order polynomial splines, while the purely convergent sonic 
primary and subsonic secondary nozzle contours were modeled using fifth-order polynomial 
splines. The divergent portion of each of the supersonic nozzles was designed using the MOC in-
house code 'NOZCS2' [26], and verified through CFD analysis in ANSYS Fluent (Version 16.2).  
2.4.2 CFD (FLUENT) Validation 
In order to verify that the MOC-code-produced nozzles will reach the target flow Mach 
numbers, an inviscid CFD analysis was performed for each case on both the primary and secondary 
streams. The simulation domain started upstream with stagnation conditions from Table 1.2 and 
ended downstream at the nozzle exit, which coincides with the end of the splitter plate. In addition 
to the target Mach numbers, uniform velocity profiles are desired at the nozzle exit. Figure 2.5 
shows results for primary stream Mach numbers of 1.0 and 3.1. 
a)   
b)  
Figure 2.5. Results for inviscid nozzle analysis for a) Mach 1 and b) Mach 3.1 primary 
streams. 
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All cases resulted in the exit Mach number being within 0.06 of the desired value (see the 
highest value on the contour scales shown in Figure 2.5). It should also be noted that the scale for 
the exit velocity profiles, shown on the right in Figure 2.5, are 10 m/s intervals, resulting in total 
variations of less than ~3 m/s across the nozzle exit for each case. Thus, the MOC-designed nozzles 
were deemed satisfactory. 
2.5 Test Section 
The test section of the compressible mixing layer facility is where the flowfield of interest 
is developed. The start of the test section is coincident with the final length of the splitter plate 
which separates the primary and secondary streams. Separation of the boundary layers and 
formation of the two-stream mixing layer occurs immediately downstream of the splitter plate tip. 
In order to ensure that the test section was large enough to be used for acquisition of high-
resolution flowfield measurements and to mitigate the 3-D effect of corner flows and sidewall 
effects, a test section with a 5 x 5 in. cross section was designed. 
2.5.1 Optical Access 
A critical design criterion for this facility is the capability for uninhibited optical access to 
the free shear layer. Special consideration was given to the TS window designs to maximize the 
optical access area in order to capture the full shear layer development via stereo particle image 
velocimetry (SPIV) and other flow visualization and measurement techniques. All windows are 
machined from fused silica for maximum clarity for the flow diagnostics, including ultraviolet 
(UV) methods. 
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As seen in Figure 2.6a, side optical 
access on either side of the TS 
consists of one window frame and 
two identical blind spacers. The 
window frame can be mounted in 
one of three streamwise positions: 
on either side of the two adjacent 
blind spacers or in-between the 
two blind spacers. Each position 
allows for 266.7 mm of 
streamwise viewing access 
individually, and there is 12.7 mm 
of overlap between positions. 
Optical access for the side 
windows begins 19.05 mm 
upstream of the splitter tip and 
extends downstream for a total 
viewing length of 774.7 mm. The 
window covers the entirety of the 
TS height for all three viewing 
positions. Figure 2.7 shows a photograph of the side windows in the 1st position (flow right-to-
left). The top and bottom-wall windows are fixed-position and allow for a total viewing length of 
749.3 mm and a width of 38.1 mm (Figure 2.6b). This TS optical access design offers viewing 
       
     
a)  
b)  
Figure 2.6. TS optical access: a) Side windows (all 
configurations shown); b) Top/bottom windows. 
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lengths that extend far beyond the onset of the fully developed mixing conditions for all cases, and 
permits a very comprehensive documentation of the shear layer flowfield. 
 
 Figure 2.7. Test section side windows (position 1) 
 
With this window design, laser-sheet access is possible such that the tunnel is capable of 
longitudinal side-views down the length of the TS (Figure 2.8b,c) and cross-sectional end-views 
at various TS downstream locations (Figure 2.8a,d). This optical access also allows for a multitude 
of camera angles to capture the full 3D velocity vector field for each viewing plane.  
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a)   b)   
c)   d)  
Figure 2.8. SPIV viewing planes: a) Splitter tip end-view; b) Splitter tip side-view; c) TS 
side-view; d) TS end-views. 
 
2.5.2 Divergence Mechanism 
A critical design consideration was test section wall divergence to account for the boundary 
layer growth through the TS. After an involved and exhaustive process, the design of the 
mechanical wall divergence mechanism eventually evolved into a bending-wall design. In this 
design, the top and bottom walls of the TS are machined with slots near the upper/lower wall-
nozzle joints. Figure 2.9a shows the 3D model of the current design, which implements this 
divergence via a series of braces, bolts, and nuts, with bending occurring at the slot. A close-up of 
the bending slot can be seen in Figure 2.9b. The advantages of this design are: 
 It is less intrusive to the flow at a critical location than other designs considered. 
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 It is relatively easy to seal. 
 It has improved manufacturability compared to other designs. 
 Experimental runs will be more repeatable (results will be less dependent on imperfections 
of sealing, and thus divergence can be changed easily between iterations). 
a)   b)  
Figure 2.9. a) Side-view of divergence mechanism; b) View of bending groove. 
 
A finite element analysis (FEA) was performed under the conditions for the most restricting 
experimental case (Case 6), using a divergence of 3.81 mm at the end of the TS. This value reflects 
the maximum divergence capable by the tunnel, and is greater than the maximum expected 
experimental divergence. In this simulation, the divergence mechanism was loaded via two bolts 
located near the downstream end of the TS top/bottom walls. The most relevant material parameter 
for the design of this bending wall is the safety factor. Safety factor, which is a measure of the 
structural robustness of a design against material failure, is given by: 
SF=
Material Yield Strength [kPa] 
Design Load [kPa]
 (3)
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A safety factor (SF) of 1.0 would indicate that the 
design is being loaded at the material yield strength, which 
is the maximum load the material can endure before it 
begins to undergo plastic deformation. Thus, a SF greater 
than 1.0 is necessary, as this would demonstrate that the 
design is structurally sound (within the elastic range) at the 
expected load. Figure 2.10 shows that the minimum safety 
factor of this bending design is ~1.47, which occurs where 
the stress concentration is highest. This verifies that the 
bending design with the maximum possible loading is 
within material specifications at the highest stress 
concentration locations. Note that while only the FEA 
simulation of the top wall is shown in Figure 2.10, this 
assessment applies equally for both the top and bottom 
walls for a given wall divergence. 
2.5.3 FLUENT Simulations 
For each case, the primary stream boundary layer δ, δ*, θ, and shape factor (H) were 
calculated. Since these quantities are of importance primarily at the TS exit, values are recorded 
for each case at that location (end of streamwise domain) in Table 2.1. It should be noted that only 
the cases with supersonic primary streams were simulated in this and all subsequent FEA studies. 
 
 
 
Figure 2.10. Safety factor for 
loaded divergence mechanism. 
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Table 2.1. Boundary layer characteristics at TS end. 
 Mach 1.6 Mach 2.1 Mach 2.6 Mach 3.1 
δ [mm] 12.3 12.3 11.4 12.2 
δ* [mm] 2.64 2.95 3.25 3.98 
θ [mm] 1.19 0.923 0.846 0.704 
H 2.23 3.15 3.84 5.66 
 
These data are not only valuable in the sense that the BL characteristics are documented; 
δ* also serves as a reasonable initial estimate of the wall divergence requirement to achieve zero 
streamwise pressure gradient. Therefore, for each case, a simulation was run with the top wall 
diverged upward by δ* at the TS exit to alleviate the adverse pressure gradient. For most cases only 
a few iterations of divergence values were required to achieve a near-zero pressure gradient.  
Figure 2.11 shows a schematic of the top wall being diverged. Note that the divergence is 
not shown to scale and the actual divergences implemented were approximately 2 – 4 mm. Pressure 
distributions at certain downstream locations are plotted for parallel walls vs. diverged walls. Each 
plot in Figure 2.12 shows the transverse  
pressure profiles at three 
downstream locations: TS 
start (nozzle exit), TS mid 
(halfway down the length of 
TS), and the TS exit (end of simulation domain). It can be seen that diverging the walls diminishes 
the pressure gradient from ~ +3.5 kPa with parallel walls to ~ ±1 kPa with diverged walls. 
 
Figure 2.11. Diverging the top wall (divergence not to scale). 
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a)   b)  
Figure 2.12. Pressure gradient across TS for a) straight vs. b) diverged walls (M1 = 2.6). 
 
The results shown above are for Case 5 (M1 = 2.6); however, all cases showed ΔP ≤ 1 kPa 
after implementing their respective wall divergences. The maximum divergence required was for 
the highest Mc case (M1 = 3.1) and was 3.683 mm. Although the simulations thus far have been 
2D, and hence sidewall effects have been ignored, the results are still believed to be a valuable 
starting point. 
2.5.4 Full Facility 2D CFD Simulations 
To provide a more meaningful characterization of the wind tunnel at operating conditions, 
full 2D two-stream facility CFD simulations were conducted. Since the single-flow simulations 
were already pushing available computing resources (a PC workstation with 32 GB of RAM), the 
mesh could not be refined enough to fully resolve the BLs on the splitter plate or the formation of 
the shear layer near the splitter tip. The boundary conditions were defined as primary and 
secondary stagnation pressures on the left top and bottom inlets respectively, no-slip walls on the 
splitter plate and top and bottom walls, and TS static pressure exit condition all taken from the 
conditions given in Table 1.2. An example solution for Mach number for Case 3 (primary Mach 
1.6) is shown in Figure 2.13. 
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Figure 2.13. Full facility CFD simulation results for Mc = 0.573 
 
As mentioned above, the single stream simulations demonstrated the alleviation of the 
adverse pressure gradient when wall divergence was employed. These simulations only focused 
on the primary stream and treated the bottom boundary as inviscid (to decrease run-times). As a 
comparison, the full facility co-flow simulation pressure profiles are plotted below in Figure 2.14. 
Analogous to Figure 2.12, profiles at TS start, middle, and end are shown. 
a)   b)  
 Figure 2.14. Case 3 pressure profiles for a) top-only diverged wall and b) top and bottom 
diverged. 
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In addition to the top-only and top-bottom divergence iterations shown above, bottom-only 
and various values of the divergences were tested. All results are nearly identical. Thus, it is 
accepted that there may be a weak and unavoidable adverse pressure gradient in the TS.  
In order to quantify the pressure 
difference across the TS, the static pressure 
along the centerline of the TS is plotted in 
Figure 2.15 for Cases 3 – 6. Cases 1 and 2 
are not plotted in order to preserve the scale 
of the figure (since their mean pressures are 
much higher than the rest). However, their 
pressure variations about their respective means were no larger than any case in Figure 2.15. For 
all of the cases, the maximum ΔP across the entire length of the TS is ~ 6 kPa, and the maximum 
deviation from the mean streamwise pressure is only ~ 7%. These ΔP results are similar to the 
conditions previous researchers have operated under for compressible mixing layer experiments 
[10]. 
2.6 Splitter Plate 
2.6.1 Initial Design and Failure 
A solid, ideally rigid splitter plate was designed to keep the two streams separate until they 
reached the test section. The splitter plate was secured in the facility via a pair of 1” wide and 0.5” 
thick siderails that ran the length of the splitter plate from the stagnation chamber up until the start 
of the test section. This plate was originally machined from the same material as the rest of the 
facility (aluminum 7075). However, during the first set of experimental trials, the unsupported 
 
Figure 2.15. Streamwise pressure along 
centerline of TS. 
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section of the splitter plate underwent a visible amount of deflection during the transient 
pressurization during the tunnel’s initial startup. During startup as the primary stream becomes 
supersonic, a starting normal shock propagates down the nozzle over the splitter plate. The static 
pressure of the primary stream drops as the supersonic flow continues to accelerate through the 
nozzle. As it becomes entrained, the secondary stream matches the pressure of the subsonic flow 
downstream of the starting shock. However, the secondary stream is unable to equalize with the 
low pressure supersonic stream upstream of shock, resulting in a large static pressure difference 
across the splitter plate as the shock nears the tip of the plate. The splitter tip deflection observed 
was attributed to this pressure difference. This phenomenon was documented using schlieren 
photography that had been utilized at the time this splitter plate deflection was observed, which 
will be discussed in section 5.1.3. 
A simple FEA study was conducted using the conditions observed when the greatest 
deflection occurred, which was when the difference between the static pressure measured by the 
pressure taps above and below the splitter plate at the start of the test section was greatest. The 
FEA structural verification study conducted approximated the measured primary and secondary 
static pressures as static distributed loads on the top and bottom surface of the splitter plate 
respectively. The static pressures used were 5.3 psi for the primary and 11.5 psi for the secondary. 
The resulting FEA simulations using this static load approximation during this transient predicted 
that the stress on the original splitter plate was far outside of the elastic and even failure 
specifications of the material. The results of the structural verification study are shown in Figure 
2.16. 
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Upon inspection of the part in question, it became clear that structural failure of the material 
had begun. Figure 2.17 exhibits the formation and early propagation of a crack in the inner joint 
between the underside of the splitter plate and the inwards (flow-facing) wall of the splitter plate 
rail. It was at this point redesign of the splitter plate with a new material became a priority. 
 
Figure 2.16. FEA splitter tip structural verification 
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2.6.2 Revised Design and FEA Simulations 
In order to inform the redesign of the splitter plate, FEA simulations were again employed. 
The most constraining conditions that the splitter plate would presumably undergo would be the 
 
 
Figure 2.17. Crack on splitter plate. 
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moment the starting shock for the case 6 (Mach 3.1) primary stream reaches the splitter tip. At that 
instant, the difference of static pressure between the top and bottom of the unsupported section of 
the splitter plate would be the greatest. The conditions used for the FEA simulation were an ad hoc 
static pressure load that would match that of this transient phenomenon. As before, the static 
pressure of the secondary stream (applied as a distributed load on the bottom surface of the splitter 
plate) was found using pressure tap measurements collected during experimental trials of case 3 
(primary Mach number of 1.6) at the nozzle exit during this transient when the pressure difference 
across the splitter plate was greatest. This estimate for secondary stream static pressure was used 
under the assumption that the static pressure of the subsonic flow in the test section during tunnel 
startup would be comparable between cases 3 and 6, and that the static pressure between the flow 
downstream of the shock and that of the secondary stream would be equalized. The secondary 
static pressure value used in these simulations was 12 psi. 
The static pressure of the primary stream at the nozzle exit (applied as a distributed load 
on the top surface of the splitter plate) was calculated using normal shock relations for the static 
pressure ratio across a Mach 3.1 normal shock (representing the starting shock at the end of the 
splitter tip): 
  
  
=
2    −   + 1
  + 1
 (4)
where P1 and P2 are the static pressures of the flow upstream and downstream of the shock, 
respectively (where upstream is the nozzle exit static pressure). This value was found to be 1.09 
psi. For the simulations, the splitter plate was translationally constrained at the siderails. 
In FEA simulations of the original splitter plate, it was found that the greatest stress 
concentrations would form at the sharp corner transitions at the joints between the splitter plate 
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and the ends of two side rails. Design of the new splitter plate focused on eliminating these corner 
transitions. A round filet transition was designed between the flat sides of the splitter plate and the 
end faces of the rails. 
Both the model and the material were modified. In order to reduce the cost of fabrication, 
an insert was designed to modify the existing part instead of machining an entirely new splitter 
plate. Figure 2.18 shows the model of the new insert as well as how it would modify the old splitter 
plate. The corresponding material of the old piece would be carefully machined out to make space 
for the insert. 
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After consideration of several possible materials, it was decided that the splitter plate insert 
would be machined from grade 5 titanium alloy (Ti-6Al-4V) due to its high stiffness and strength. 
The material specifications for the titanium alloy and aluminum 7075 are shown in Table 2.2. 
a)  
b)  
Figure 2.18. a) Splitter plate insert; b) Old splitter plate modification 
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Table 2.2. Material properties for splitter plate materials 
  Ti-6Al-4V Al 7075 
Tensile Strength [ksi] 138 33 
Yield Strength [ksi] 128 15 
Elastic Modulus [GPa] 113.8 71.7 
 
An exhaustive study comparing the material and geometry of the new design was 
conducted using the FEA tools available. A stress comparison of the filleted and sharp corner joint 
geometries is shown in Figure 2.19. The results illustrate the concentration of stress that occurs at 
corner transitions. The original splitter plate geometry is characterized by these sharp corners, and 
its susceptibility to material failure at these corners is demonstrated in the simulation results. This 
characteristic is particularly manifest at the sharp three-dimensional corner highlighted in Figure 
2.19d. The revised, filleted design proved more robust under the simulated conditions. The revised 
design exhibited one high stress region at the corner transition between the bottom surface of the 
splitter plate and the inner wall of the siderail; even so, this high stress region was much less 
dramatic than that for the original geometry at the same location. Due to its more favorable 
structural characteristics, the filleted design was accepted for the splitter plate insert. 
The performances of the two materials under the simulated conditions are compared in 
Figure 2.20. The ranges for the color bars in these images were scaled to the failure strengths of 
each material. The titanium alloy is dramatically superior to the aluminum alloy for this 
application. The aluminum insert exhibited failure along almost the entirety of the joint, while the 
titanium insert experienced minimal critical stress. Ti-6Al-4V was therefore chosen as the final 
material for the splitter plate insert. 
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a)  b)  
 
c)  d)  
Figure 2.19. Von Mises stress (color bar units in ksi) results for revised design (a) & (c) vs. 
original design (b) & (d). 
39 
 
 
a)  b)  
 
c)  d)  
Figure 2.20. Von Mises stress (color bar units in ksi) results for Ti-6Al-4V (a) & (c) vs. Al 
7075 (b) & (d) 
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A final iteration of the design translated the filleted portions of the splitter plate onto the 
downstream face of the siderails in order to remove the gap between the sides of the unsupported 
splitter plate and the windows. Unfortunately, the FEA software was unable to adequately 
resolve this geometry with computing resources available. Preliminary, low-resolution solutions 
show a reduced structural robustness compared to the previous filleted design, but still a marked 
improvement over the original splitter plate. Qualitative analysis supports this finding, since the 
latest design introduces a sharp corner on the previous geometry, but avoids sharp three-
dimensional corners present on the original design. 
2.7 Diffuser and Downstream Duct 
The diffuser spans a length of 127 cm and is located downstream of the TS. The function 
of the diffuser is to decelerate the high-speed flow from the TS so that it may be exhausted with 
minimal noise and acoustic disturbances to atmospheric conditions with excellent pressure 
recovery. A good diffuser design also enables the operation of the facility at low starting pressures. 
In the case of a supersonic TS flow, the 
flow will pass through a normal shock 
somewhere downstream of the diffuser 
shoulder, and the subsequent subsonic 
flow will decelerate through the 
remainder of the diffuser. This 
deceleration is achieved via a pair of 
diverging diffuser walls, as shown in Figure 2.21. The top and bottom walls of the diffuser are 
designed with a fixed half-angle divergence of 3° each, for a total divergence of 6°. The design 
features a backwards-facing step TS-to-diffuser transition, facilitating the propagation of the shock 
 
Figure 2.21. Wind tunnel diffuser. 
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into the diffuser cavity instead of standing at the diffuser shoulder, thereby reducing the risk of 
measurement contamination near the end of the TS caused by instabilities and fluctuations of the 
shock wave. This design was devised in response to a consequence of the wall divergence design, 
which otherwise would have resulted in a forward-facing step at the diffuser shoulder, likely 
enforcing the formation of a normal shock at this location. 
This design is, of course, compatible with subsonic incoming (TS outlet) flow, whereby 
the flow is merely decelerated through the length of the diffuser without the need for a shock wave 
to transition the flow from supersonic to subsonic. 
The diffuser represents the final downstream section of the primary wind tunnel 
architecture. The flow from the diffuser will pass through a downstream silencing duct before 
finally being exhausted to the atmosphere at low speed and low noise, and at near-atmospheric 
conditions. The type of duct used was a galvanized double-wall spiral duct with perforated inner 
wall and 1” thick insulation between the walls. 
2.8 Final CAD Model Illustrations 
The design and modelling of the facility and associated components were performed using 
the Autodesk Inventor CAD software. Perspective CAD illustrations of the completed wind tunnel 
are shown in Figure 2.22 and Figure 2.23. Detailed engineering drawings of the individual parts 
and exploded views of the assembly can be found in Appendix B. 
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a)  
b)   
Figure 2.22. a) Full-assembly side view; b) Top view 
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a)  
b)  
Figure 2.23. Isometric views of the wind tunnel a) Full-assembly; b) Sidewalls-off 
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2.9 Pictures of Fully-Assembled Wind Tunnel 
All parts of the wind tunnel were fabricated from aluminum 7075. This material was 
selected for its machinability and light-weight strength. The facility was built in the Gas Dynamics 
Laboratory (GDL) at the University of Illinois at Urbana-Champaign. Assembly of the facility 
occurred primarily during the spring and summer of 2016, with completion and first successful 
experimental trial of the facility occurring in August 2016. Figure 2.24 shows photographs of the 
completed compressible mixing layer facility in the GDL. 
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a)  
b)  
Figure 2.24. a) Fully assembled compressible shear layer wind tunnel with upstream piping (taken 
from north side); b) Facility with planar PIV setup and north side windows in 1st position (taken 
from south side of the tunnel) 
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3 Facility Operation and Instrumentation 
3.1 Tunnel Operation and Procedure 
Currently, the wind tunnel is operated via direct control of a manual gate valve for the 
pressurized primary stream, while entrainment from the ambient is responsible for the secondary 
stream. In this scheme, the pneumatic control valves for both streams and the gate valve for the 
secondary stream are left completely open so that flow control can be achieved by means of the 
primary stream manual gate valve for the full range of pressures. Figure 3.1 shows the upstream 
piping with these valves labeled. 
a)   b)  
 Figure 3.1. Upstream piping a) CAD model; b) In-lab photograph 
 
Primary 
stream 
manual 
gate valve 
Pneumatic 
control 
valves 
Secondary 
stream 
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gate valve 
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Pressure measurements are acquired through pressure probes in the stagnation chamber 
and pressure taps located in both streams just upstream of the splitter tip. From the static pressure 
measurements, a pressure difference between the top and bottom surfaces at the end of the splitter 
plate can be calculated. Initial operation begins with the opening of the manual valve to a pre-
specified target primary stream stagnation pressure. As the primary stream entrains air in the 
secondary region of the TS, the pressure in the secondary stagnation chamber and TS will become 
sub-atmospheric. If the tunnel is operating with only primary stream control (and the secondary 
inlet is left open to atmospheric conditions), the secondary flow will be driven by the pressure drop 
produced by the flow entrainment. Steady state operation is achieved by fine tuning the throttling 
of the manual gate valve so that the static pressures measured at the splitter tip are equal. Ideally, 
for all cases, ramp up to the desired primary stream conditions occurs rapidly. This is especially 
true as the starting shock in the primary stream is pushed through the nozzle and the flow becomes 
supersonic, resulting in large pressure differences between the top and bottom surfaces of the 
unsupported end of the splitter plate. 
In future cases, flow control during startup and operation will be achieved via automatic 
actuation of the control valves for both the primary and secondary streams. The control software 
(LabVIEW) will acquire and use the real-time pressure sensor measurements of the tunnel to 
achieve and maintain operating conditions by outputting the required response (current) for the 
control valves. A proposed scheme for this automatic controller can be found in the following 
section. 
Several steps must be taken before the wind tunnel can be operated, including important 
checks and activation of the tank farm air compressors. The detailed operating procedure for this 
wind tunnel can be found in Appendix A. 
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3.2 LabVIEW 
The control software, LabVIEW, was used to create the program needed to operate the 
tunnel and acquire data. Inputs such as atmospheric pressure and operation mode can be accessed 
on the front panel, shown in Figure 2.2. During the operation of the tunnel, the front panel displays 
real time measurements from the stagnation chamber and test section pressure transducers, as well 
as temperature readings from the stagnation chamber thermocouples for both streams. The front 
panel also displays calculations for primary and secondary stream Mach numbers, as well as the 
static pressure difference across the splitter tip. Lastly, the front panel displays the current sent to 
each of the pneumatic control valves (which in manual operation mode, can be directly controlled). 
 
 Figure 3.2. LabVIEW front panel for compressible shear layer wind tunnel controller 
 
The Mach numbers for the two streams are calculated using the following manipulation of 
the isentropic relation for pressure ratio: 
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where P is the static pressure measured by the wall pressure taps at the start of the test section, and 
P0 is the stagnation pressure measured by the pitot probes in the stagnation chamber. 
 The LabVIEW program is also responsible for the documentation of data from various 
sensors and hardware used during the experiment. The user is able to tare pressure transducers 
from this program. The user is also able to specify a save location for the data file from each 
experimental trial, and choose whether or not data write-out occurs before the program is stopped. 
An automatic controller for the tunnel operation will be programmed in LabVIEW as well. 
The aim of such a controller is the operation of the wind tunnel at predetermined set points with a 
high-frequency feedback control. As in manual operation, the behavior of the controller is quite 
different between the startup and steady operation of the tunnel. For the proposed controller, 
startup will begin with the opening of the control valve for the primary stream. The control valve 
for the primary stream will (quickly) open until a target stagnation chamber pressure is reached. 
Once the pressures measured by the stagnation chamber pitot probes approach the desired value, 
the controller will transition to steady operation of the primary stream control valve in order to 
maintain this target pressure. 
The secondary stream can also be driven by pressurized gas if the stream is supplied from 
the compressed-air manifold. In this mode a secondary stream pneumatic control valve would 
throttle the air from the manifold to achieve the desired secondary stream pressure. Both control 
valves would have to be opened simultaneously (or nearly simultaneously, with the primary stream 
valve opening first), although the opening procedure for the secondary stream must be carefully 
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controlled during the startup transient of this tunnel in order to avoid large pressure differences 
across the splitter plate and potential splitter plate deflection. The secondary flow will be throttled 
until the pressure near the splitter tip matches that of the steady primary stream. After the desired 
primary stream conditions have been achieved, the controller will maintain steady-state operation 
of the control valves, using a proportional-integral-derivative (PID) control scheme to maintain 
the primary stream’s stagnation chamber pressure using the primary stream stagnation control 
valve, and pressure matching of the two streams at the splitter tip with the secondary stream control 
valve. 
3.3 Lab Safety 
Careful consideration must be given to the safety of the researchers working with a high 
pressure facility. Caution must be paid particularly during instances of tunnel startup and shutdown 
when shocks pass the windows. The windows must be avoided in general during operation of the 
wind tunnel. Potential failure of the upstream components could lead to a high pressure blowout 
of the windows, so care must be taken to avoid the potential window blast zone. Protective goggles 
and ear protection should always be worn during the operation of the tunnel. 
Personal protective equipment (PPE) must always be worn, including those specifically 
rated for the equipment used for diagnostics. These include laser goggles rated for the correct beam 
wavelength when conducting PIV trials or while the laser is on for alignment, etc. In addition, 
beam blocks, optical irises, and protective black foam covers should be used to eliminate 
reflections/scattering from optical components and to terminate the beam safely during alignment 
and during experiments, as exhibited in Figure 3.3. Researchers must not wear reflective 
accessories whilst operating the laser in the lab to avoid the risk of reflections that may bypass the 
lens of the laser goggles. 
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 Figure 3.3. Planar PIV setup with laser beam foam covers and blocks in place 
 
Any facility orifice open to the room during operation, e.g., secondary stream upstream 
piping during entrainment, must be cleared of nearby unsecured objects or debris. Researchers 
should avoid the immediate area around this orifice during tunnel operation. 
A full list of safety checks is provided in the operational procedure documentation that can 
be found in Appendix A. 
3.4 Instrumentation and Data Acquisition Hardware 
Instrumentation is used to establish the test section inflow conditions and drive the 
operation of the tunnel. This includes thermocouples for measuring temperature in the stagnation 
chamber and pressure sensors for measuring stagnation pressure and test section static pressure. In 
particular, the pressure measurements are used to calculate Mach number and provide feedback 
for matched pressure conditions to the user or automatic controller during the steady state 
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operation of the tunnel. National Instruments data acquisition hardware and LabVIEW software is 
employed in conjunction with a personal computer to document the measurements collected by 
these devices. A National Instruments current output module is used to transmit the output signal 
used to control the pneumatic control valves from the personal computer to the valves. Table 1.1 
provides a catalog of the instrumentation that is used for this facility. Some of these components 
are shown in Figure 3.4. 
Table 3.1. List of measurement and data acquisition components 
Component Qty Description/Use 
Omega TJ36-ICSS-
18E-6-SMPW-M 
2 
Exposed junction thermocouple probe used to measure 
temperature in the stagnation chamber 
Omega DP26-TC-A 2 
Temperature meter used to display temperature measured by 
thermocouple and read out data to DAQ module 
National Instruments 
cDAQ-9174 
1 
USB chassis used to interface PC with input and output 
modules 
National Instruments 
9201 input module 
1 
8-channel, analog input module used to read in data from 
temperature meters 
National Instruments 
9265 output module 
1 
4-channel, current output module used to send out current to 
Valtek pneumatic control valves 
NetScanner 9116 
Pressure Scanner 
1 
Multichannel pressure transducer used to measure pressures 
from TS and stagnation chamber 
Pitot Probe 2 
Stainless steel tube used to measure stagnation pressure in 
the stagnation chamber 
TS Inlet Pressure Tap 2 
Small flow-facing cavity, plumbed to a tube, used to 
measure static pressure at the start of the TS 
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a)   b)  
c)  
Figure 3.4. Tunnel instrumentation a) Stagnation chamber thermocouple probes and pitot 
probes; b) Temperature meters, c) NetScanner pressure scanner 
 
 
 
 
 
Thermocouple 
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4 Experimental Flow Diagnostics Setup 
4.1 Schlieren Photography 
The first dataset taken was acquired using Schlieren photography. This technique involves 
shining collimated light perpendicularly though the test section of the wind tunnel and using the 
refraction of the light through the different gas density gradients present to image various features 
in the flowfield. The light that has passed through the flow of interest is optically filtered by means 
of a knife edge to block the light rays that have been bent through the test section. A widely used 
configuration of Schlieren photography is shown in Figure 4.1. When used in this arrangement, 
Schlieren photography is a flow visualization technique that highlights first-order spatial 
derivatives of the flowfield density gradient. As such, it is most effective at revealing flow features 
for supersonic flow (where various Mach, shock, and expansion waves will be visualized) and 
mixing flows (where vortices and entrainment structures are easily tracked), both of which are 
present in the flowfield of interest. 
 
Figure 4.1. Schematic of a Z-type Schlieren arrangement [27] 
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Using the high-speed Photron Fastcam SA5 camera set to a 1 μs exposure time, full field 
of view shots of the test section were captured at 7,000 fps, as well as time-resolved close-up shots 
of the shear layer at 100,000 fps. At this higher framerate, it was possible to track the turbulent 
structures in the shear layer shot-by-shot. However, as Schlieren photography is a path integrated 
visualization technique, and since at high convective Mach numbers the turbulent structures 
become obliquely-oriented with respect to the freestream (as opposed to the more spanwise-
oriented rolling structures in the case of the incompressible turbulent shear layer), Schlieren 
photography fails as a means to acquire true quantitative data and useful tracking of the turbulent 
structures in a compressible shear layer. 
All three window positions were explored using both full-field of view and high-speed 
setups. In particular, high-speed visualization was used to image the transient startup phenomenon 
at the splitter plate tip. The light source used in these experiments was a Luminus SBT-90 white 
LED operating under continuous wave mode, and the Schlieren arraignment was achieved through 
the use of two Edmund Optics parabolic 12” diameter, 8’ focal length mirrors. A horizontally 
mounted straight utility knife blade was used for the knife-edge filtering of the light. These 
components are shown individually in Figure 4.2. 
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a)  b)  
c)  
Figure 4.2. Schlieren apparatus a) LED and controller; b) 12” diameter parabolic 
mirror; c) knife edge in mount 
 
4.2 Pressure Measurements 
Classical streamwise static pressure measurements were obtained using a test section 
sidewall insert with pressure taps located along the shear layer centerline as shown in Figure 4.3. 
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During steady state operation of the tunnel, the pressures from the pressure taps are transferred 
through the tubing which are plumbed to a rack of PSI 9816 NetScanner modules, where the 
pressures are measured by built in pressure transducers. The first pressure tap occurs 0.125” 
downstream of the splitter plate tip, and each successive pressure tap is located 1” downstream 
from the last. Data were acquired using this configuration for a range of wall divergences. 
 
Figure 4.3. Pressure tap test section insert 
 
4.3 Particle Image Velocimetry 
When running PIV, two laser pulses, which are optically modified into a laser sheet in the 
wind tunnel test section, are fired in rapid succession. When these laser sheets are fired in sequence 
into an interrogation plane with a sufficiently and appropriately seeded flowfield, the result are 
two images with illuminated particles which are tracking the flow at two almost simultaneous but 
distinct times. These images are processed, which involves cross correlation between the images 
and the calculation of a field of displacement vectors over the interrogation plane. From this 
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displacement field and from the known interpulse separation time, a velocity field can be 
calculated. The planar PIV setup used for tunnel qualification is shown in Figure 4.4. A mockup 
of the setup is demonstrated in Figure 4.5. 
a)  
b)  
c)  
Figure 4.4. Planar PIV setup: a) Camera and test section (side window off); b) 
Laser sheet optical components; c) Lasers, delay generator, and oscilloscope. 
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Figure 4.5. Planar PIV setup model 
 
 The most challenging and time-consuming aspect of setting up and running PIV 
experiments is the seeding of the flow. The particles used to seed the flow must be large enough 
to be visualized to run cross-correlation statistics between the double-frame images, but should be 
small enough to accurately follow and track the flowfield. Care must be taken to ensure uniform 
seeding of the test section; this can and did prove to be a challenge to achieve for a two-stream 
flow with such different freestream velocities. Additionally, seeding must be dense enough to 
ensure good cross-correlation between the two images. However, over-saturation of seed particles 
should be avoided, since that too can become an issue with cross-correlation, and depending on 
which stream is over-saturated, can cause light tunneling effects, flashes, and under-illumination 
Camera 
Laser Sheet 
Flow 
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of the other stream. Lastly, the oil output and performance of the seed generators had to be closely 
monitored and controlled to reduce the buildup of seed oil in the wind tunnel and seed smearing 
and splattering on the test section windows. Two ViCount 1300 smoke generators were used as 
the seeding source, which output oil particles that are ~0.2 μm in diameter. The morphology of the 
wind tunnel seeding can be seen in Figure 4.6. 
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a)    b)    
c)    d)  
e)  
Figure 4.6. Progression of two stream raw seeding for the compressible shear layer: a) oversaturated 
secondary, undersaturated primary; b) oversaturated secondary; c) oversaturated primary, 
undersaturated secondary; d) undersaturated primary; e) good saturation and uniform seeding. 
 
 A New Wave Gemini double-pulsed Nd:YAG q-switched laser and a series of optics were 
used to produce the laser sheet. For this dataset, the time delay dt between the first laser pulse and 
the second was 1 μs. The timing of the pulses and imaging were controlled by a Quantum 
Composers delay generator. The hardware used to capture the images was a PCO 1600 charge-
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coupled display (CCD) camera with double-frame capabilities. Only one viewing position was 
analyzed using the planar PIV setup, with a field of view of ~2.9 inches in the streamwise direction 
beginning at the splitter tip. 
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5 Wind Tunnel Characterization Results 
5.1 Schlieren Photography 
5.1.1 Full-FOV Flow Visualization 
During the first set of experimental trials, Schlieren photography aided in the identification 
of secondary stream recirculation. Pressure recovery was occurring in the test section, and this 
greatly influenced the structure of the shear layer and secondary stream, especially in the second 
and third window positions. This issue was resolved by raising the stagnation pressures of both the 
secondary and primary streams, resulting in a higher test section static pressure and higher pressure 
recovery in the diffuser. These new conditions, referred to as OpCond 2, were adopted as the new 
operating conditions for all successive experiments, and became the final operating conditions for 
the first experimental case (case 3). The conditions used in the previous trials were named OpCond 
1. Presented in Figure 5.1 is a stitched-together series of instantaneous full field of view Schlieren 
photos of the compressible shear layer, which spans the entire test section field of view, for both 
OpCond 1 and OpCond 2. 
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a) 
 
 
b) 
Figure 5.1. Stitched-together instantaneous Schlieren photographs of compressible shear 
layer a) OpCond 1; b) OpCond 2. 
 
 The Schlieren images illustrate the development and growth of the shear layer. They also 
illuminate the Mach waves, shocks, and expansion waves (as well as their reflections throughout 
the test section) present in the primary stream. This information can be used to identify the sources 
of the strongest (undesirable) disturbances in the flow due to the wind tunnel geometry. It appears 
that the strongest waves occur at the separation of the boundary layers at the splitter tip (the start 
of the mixing layer), which is to be expected. There seems to be another, weak oblique shock 
originating upstream of the image on the upper surface, impinging on the shear layer close to the 
start of the shear layer. This is due to the presence of an extremely small step that exists there due 
to the physical joint between the top wall and the nozzle. Fortunately, it does not seem as though 
any of these shocks or waves noticeably affect the behavior of the shear layer at all, and indeed 
during runtime of the tunnel, the shock that forms at the splitter tip flips back and forth between a 
weak oblique shock and expansion fan as the pressure difference across the splitter plate becomes 
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negligibly small and alternates between either overexpansion or underexpansion of the primary 
stream. 
 The weak waves present in the Schlieren images can be used to estimate the Mach number 
of the supersonic primary flow by using the following form of the Mach angle equation: 
  =
1
sin  
 (6)
where μ is the Mach angle, the angle between the Mach wave (the weak limit of the shocks 
present in the flow) and the freestream flow direction. The Mach angle observed in the Schlieren 
image in Figure 5.1b is 41.63°. Equation (6) yields a primary stream Mach number of 1.51. The 
supersonic flow characterization therefore agrees closely with the CFD results and provides 
proof of concept for the nozzle design. 
5.1.2 Splitter Plate Deflection Visualization 
During startup of the wind tunnel, it was observed that the splitter plate tip would briefly 
undergo large amplitude, high frequency deflections. High speed Schlieren photography was 
employed to capture this transient event in order to better characterize the behavior of the splitter 
plate and the associated flowfield conditions. Figure 5.2 shows three images that reconstruct a 
crude time series of this periodic deflection. 
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a)    
b)  
c)  
Figure 5.2. Schlieren images of splitter plate deflection: a) t=0 (no deflection); b) t = 0.360 ms (+y 
deflection); c) t = 1.093 ms (-y deflection). 
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The broadening of the splitter plate thickness in the images is indicative of spanwise 
bowing of the splitter plate. The splitter plate underwent maximum centerline deflections of ± 
0.16”. The period of the deflection cycle was 1.47 ms. 
A notable feature of the flowfield is the apparent turbulent flow over the top surface of the 
splitter plate. Not seen is a similar region of flow on the upper wall of the primary stream. A 
hypothesis for this feature is boundary layer separation induced by the starting shock. This may 
have contributed to the periodicity of the deflection, as unsteady shock-boundary layer interaction 
(SBLI) may have contributed to resonance loads on the splitter plate, similar to shock-buffeting in 
transonic aerodynamics. Another theory is that the core flow from the nozzle was already 
supersonic, which would have resulted in unsteady SBLI, and perhaps boundary layer separation 
as well. This turbulent flow region dominated the transient startup primary stream and seems to 
have played a major factor in the observed deflection, as opposed to the originally assumed 
supersonic primary stream static pressure drop. It was decided that regardless of the source of this 
oscillation, steady state conditions should be established as quickly as possible upon startup. 
5.2 Pressure Measurements 
The pressure tap measurements revealed the behavior of the streamwise pressure gradient 
in the mixing flow. A slight adverse pressure gradient was initially observed at OpCond 2 with the 
top and bottom walls parallel to one another (undiverged) of approximately 0.3 psi across the entire 
length of the test section. This behavior was expected as the displacement thickness of the 
boundary layer grew on the top wall of the test section. In an effort to mitigate this issue and 
enforce a zero streamwise pressure gradient throughout the test section, iterations of wall 
divergences were performed. Pressure tap measurements of the streamwise static pressure along 
the shear layer are plotted in Figure 5.3 for both OpCond 1 (parallel walls only) and OpCond 2 
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(parallel and diverged walls). Remarkably, the adverse pressure gradient seemed almost 
independent of the wall divergence, no matter the configuration. One hypothesis is that when the 
top wall is diverged, weak shock waves propagate down the test section, enforcing an adverse 
pressure gradient and cancelling out the effect of the wall divergence. Other hypotheses revolve 
around the inverse behavior of the pressure gradient for the two streams with the growth of the 
boundary layers. More experimental data, including data for the wall boundary layers, may lead to 
a greater understanding of this pressure gradient behavior. 
 
Figure 5.3. Streamwise pressure measurements along shear layer (divergences read as 
displacement of walls at the downstream end of the test section) 
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5.3 Particle Image Velocimetry 
 Image processing and velocity calculations were performed using LaVision’s DaVis 8.3 
PIV processing software. Processed PIV velocity fields and profiles are presented in Figure 5.4 - 
Figure 5.6. 
 The mean velocity fields of the flowfield calculated using the PIV data show agreement in 
trend with that of the flow visualizations from the Schlieren images (albeit much more 
quantitatively). Although this close to the splitter plate the mixing layer is not fully developed, 
instantaneous shots would only provide a very incomplete depiction of the turbulent mixing and 
associated structures in the shear layer from 2D PIV data. This motivates the acquisition of 3D 
data to provide better characterization of the compressible turbulent mixing layer, whose structures 
are quite 3D in nature. 
 The mean v-velocity field (Figure 5.4b) highlights supersonic flow features such as shocks 
and expansion waves. In this dataset, it appears that the impinging waves from the top wall joint 
reflect off of the shear layer, forming an expansion (region in dark blue). The image also indicates 
the additional formation of waves not seen in the Schlieren images from the top wall at around 20 
mm downstream of the edge of the image. These waves are likely caused by a slight step due to 
the presence of a window at that position which was not present during the Schlieren dataset 
acquisition. 
 The u-velocity field (Figure 5.4a) demonstrates that the primary and secondary streams are 
largely uniform. This is supported by the fact that the velocities present in the v-velocity field are 
relatively small compared to those of the u-velocity field. This conclusion is further reinforced by 
the uniform u-velocity profiles shown in Figure 5.5 and the relatively unchanging u-velocity 
profiles in the streamwise direction shown in Figure 5.6. 
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a)    
b)  
Figure 5.4. Mean PIV velocity fields of compressible shear layer (1218 total images): a) 
Mean u (x-velocity); b) Mean v (y-velocity). 
 
 Lastly, one interesting phenomenon to note is the behavior of the secondary stream at the 
splitter tip in the u-velocity profiles shown in Figure 5.5. Just downstream of the splitter tip, the 
flowfield does not demonstrate a purely positive velocity gradient from the secondary stream to 
the primary stream. This is due to the presence of the secondary stream boundary layer, which has 
only just separated from the splitter plate, forming a wake, and has not truly begun mixing with 
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the primary stream. A more in depth measurement of boundary layer behavior before separation 
is required in order to document inflow conditions for the shear layer. 
 
Figure 5.5. Mean PIV u-velocity profiles of compressible shear layer at three different 
streamwise locations (1218 total images). 
 
a)   
b)   
Figure 5.6. Mean PIV (1218 total images) u-velocity along a) primary freestream; b) 
secondary freestream. 
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5.4 Summary of Wind Tunnel Operation and Qualification 
Classical and advanced optical flow diagnostics were successfully set up and implemented 
on this facility, and were used to yield a preliminary dataset of the flowfield produced by this new 
wind tunnel. This experimental qualification of the wind tunnel demonstrated that the facility is 
capable of producing two uniform streams of Mach 1.6 and Mach 0.3 upstream of the test section, 
and that a shear layer begins to form at the interface of the two streams downstream of the splitter 
tip at matched pressure conditions. The shear layer develops and grows in the test section; as 
expected, this growth is more significant in the secondary stream. As predicted in the full facility 
CFD simulations, there is a slight adverse pressure gradient in the streamwise direction along the 
length of the test section. This adverse pressure gradient could not be avoided or noticeably 
mitigated with the use of the wall divergence mechanism, which was also predicted by the CFD 
simulations. This behavior of the pressure gradient had been documented by previous 
experimentalists, and the magnitude of this adverse pressure gradient was small enough to be 
deemed acceptable for the current study. 
After initial trials which revealed and corrected issues with pressure recovery and 
recirculation of the flow in the test section, a final set of operating conditions were established for 
the first case of the experimental dataset, shown in Table 5.1 [28]. The facility is able to achieve 
these operating conditions during steady state operation for relatively long time intervals per trial 
(~2 min). Thus, the assessment of this wind tunnel after these preliminary experimental trials is 
that the facility is suitable as a testbed for the canonical turbulent compressible mixing layer 
flowfield. Further studies to be conducted on this wind tunnel is the quantitative investigation of 
the compressible mixing layer between convective Mach numbers of 0.177 to 1.00, using nominal 
conditions as outlined in Table 1.2, for which the nozzles of this facility are designed. 
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Table 5.1. Wind tunnel final operating conditions. 
Primary Stream Conditions   
M1 1.57 
U1 [m/s] 431 
P01 [kPa] 270 
T01 [K] 285 
Rexx 0.00074 
Reyy 0.00059 
Rezz 0.00110 
Rexy 7.467E-5 
Secondary Stream Conditions   
M2 0.33 
U2 [m/s] 100 
P02 [kPa] 72 
T02 [K] 295 
Rexx 0.00129 
Reyy 0.00023 
Rezz 0.00067 
Rexy -4.737E-6 
TS Conditions   
PTS [kPa] 67 
Mc 0.53 
(Rexx)max 0.0319 
(Reyy)max 0.0104 
(Rezz)max 0.0202 
(Rexy)max -0.0086 
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6 Project Documentation and Information Sharing 
A primary motivation for the 
work on the experimental 
facility design, and on this 
project as a whole, is the 
documentation of the progress 
and accomplishments achieved 
over the course of the project, 
and the real-time sharing of 
results and research output with 
members of the academic and technical communities. It was deemed necessary to establish a 
platform through which this information sharing could take place effectively and with minimal 
logistical cost. The practical solution was to develop a project website to provide a space for the 
documentation of the experimental compressible shear layer project. This website, which is 
currently under development, will serve as the infrastructure for project output and information 
sharing concurrently with research progress. The overarching organization of the webpage has 
been finalized and implemented. The website (whose homepage is graphically depicted in Figure 
6.1) is hosted through the University of Illinois at Urbana-Champaign Wiki, and will be 
administered by the project members at UIUC. This website is currently live and is fully functional 
as both a repository for essential files for the project members, and as an up-to-date library of 
nearly all aspects of the project. Ultimately, this website will be used as the primary venue for 
virtually all project output, including CAD drawings, part files, and geometry (contour) files of 
the wind tunnel, CFD output from both UIUC and NASA Glenn, measurement data from the 
 
Figure 6.1. Homepage for “Benchmark Experimental 
Measurements of Turbulent, Compressible Mixing Layers” 
project website. 
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experiments, and technical papers pertaining to the project. After the uploaded project content has 
been carefully vetted, the website will be made public so that it may be shared with the academic 
and technical communities at large. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
76 
 
7 Conclusions 
7.1 Summary of Results 
This thesis describes the design process of a newly developed compressible shear layer 
wind tunnel for use in documenting benchmark-quality experimental measurements of the 
compressible shear layer flowfield. These data will be used in CFD validation for high-resolution 
computational techniques such as LES or DNS, which are currently being developed to accurately 
simulate this flowfield. The design of the wind tunnel was driven by the objective to measure the 
mixing layer for a range of convective Mach numbers using high-resolution optical diagnostic 
techniques. This objective was focused into an investigation of the flowfield at six different 
convective Mach numbers between 0.177 and 1.00. These cases and associated parameters 
governed the design and in-house CFD verification of the nozzle designs. The case-specific 
parameters were crucial for the establishment of the operating conditions of the wind tunnel, and 
determined the boundary conditions for the simulation of the full tunnel design. 
Numerical simulation of the wind tunnel at operating conditions with boundary layer 
effects proved to be instrumental in the case-by-case calculation of the boundary layer 
displacement thickness and the design of the pressure-relieving diverging wall design. This 
particular aspect of the tunnel design was structurally verified using finite element analysis, by 
which the bending design was shown to be structurally sound. 
Now that experimental performance of the wind tunnel has been qualified for the case 3 
operating conditions (primary Mach 1.6 and secondary Mach 0.33), the focus will shift to obtaining 
3D velocity fields of the compressible shear layer flowfield for this and the other cases. These data 
will be obtained using stereo PIV, which uses two cameras in situ to back out 3D velocity vectors 
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from images of a 2D laser sheet. Certain aspects of the flowfield are still not readily understood or 
modeled, such as the near independence of streamwise pressure gradient with respect to wall 
divergence and the behavior of turbulent compressible structures in the shear layer. Experimental 
work on this tunnel using modern, high-resolution techniques will allow researchers in both the 
computational and theoretical fields to better analyze and understand the effects of compressibility 
on the canonical turbulent compressible shear layer, and other physical aspects and parameters of 
this fundamental viscous flowfield, such as tunnel wall effects and the behavior of the Reynolds 
stress tensor with compressibility. 
7.2 Recommendations for Future Work 
One important aspect of continued development for the facility is the implementation of an 
automatic LabVIEW controller for the operation of the tunnel. This controller will become 
especially invaluable for future cases in which both streams will be supplied by pressurized gas 
from the manifold. This will require the use of both Valtek control valves during the real time 
operation of the tunnel. The controller will need to be designed to account for the unwanted 
transient effects of the startup. Likely, an initial rampup routine will be employed to quickly 
transition from initial opening of the valves to near-steady state conditions as quickly as possible. 
It may also be of some interest to more thoroughly characterize the transient flow and the behavior 
of the splitter plate in order to gain a better understanding of the aeroelastic effects induced by the 
flow. Further improvements to the splitter plate design may be advised. 
The divergence mechanism may need further evolution in order to account for the adverse 
pressure gradient in the test section. Currently, the tunnel is designed for only positive wall 
divergence (expansion of the test section). In order to address the dichotomous response of the 
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supersonic primary and subsonic secondary streams to wall divergence, different wall divergence 
or convergence (or both employed simultaneously) configurations could be explored. 
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Appendix A: Technical Documentation 
WIND TUNNEL STANDARD OPERATING PROCEDURE 
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LINDAB DOUBLE-WALL DOWNSTREAM DUCT QUOTE 
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LINDAB DUCT FLANGE QUOTE 
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QUARTZ WINDOW QUOTE 
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NOZZLE CONTOUR COORDINATES 
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Appendix B: Engineering Drawings 
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